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Staphylococcus aureusOne and two TTTA repeat expansions have been found in the coding region of icaC gene of
Staphylococcus aureus variants which inﬂuence the expression of IcaC protein and alter the
phenotype. Yet, the mechanism of these small-size TTTA repeat expansions remains unclear. In this
study, we performed high-resolution nuclear magnetic resonance spectroscopic studies on TTTA
repeats. Our results show that a DNA sequence containing three TTTA repeats can fold into dumbbell
structures with a 30 or 50-overhang. Exchange of these dumbbells makes the sequence behave like a
2-nt TT mini-loop at 25 C. The occurrence of these mini-loop and dumbbell structures in the
nascent strand during DNA replication provides possible mechanistic pathways which account for
one and two repeat expansions.
 2015 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Staphylococcus aureus is one of the top four pathogens related to
central line-associated bloodstream infections [1]. The high fre-
quency and death rate of S. aureus infections are alarming.
Therefore, it is important to develop effective vaccines for S. aureus
infections. However, the antibiotic resistance due to the formation
of a protective bioﬁlm is a mounting problem [2,3]. In S. aureus, the
two major components of its bioﬁlm matrix are b-1,6-linked poly-
N-acetylglucosamine (PNAG) and polysaccharide intercellular
adhesin (PIA) which is a partially N-deacetylated form of PNAG
[4]. PIA/PNAG molecules are synthesized by the proteins encoded
in the intercellular adhesin gene (icaADBC) locus [5]. IcaA and
IcaD produce the short PIA/PNAG oligomers, which are linked into
longer polymer chains and translocated to cell surfaces by IcaC.
Once there, deacetylation modiﬁcations of PIA/PNAG molecules
will be carried out by IcaB [6,7].Recently, three TTTA repeats were found in the coding region of
icaC gene of S. aureus strain MN8m and one additional repeat was
found in a S. aureus variant called JB12 (Fig. 1) [8]. The additional
repeat shifts the reading frame of icaC, resulting in a premature
stop codon and thus a shorter protein. Therefore, the variant
phenotype is altered from PIA/PNAG-overproducing to PIA/PNAG-
negative, and the formation of bioﬁlm is inhibited. Besides, two
other S. aureus clinical isolates, namely, NRS264 and NRS63, also
show the PIA/PNAG-negative phenotype and their icaC genes have
been found to contain one and two additional TTTA repeats,
respectively (Fig. 1) [8].
Based on the results of icaCmutation assay, TTTA repeat expan-
sion was suggested to occur likely through slipped strand mispair-
ing [8]. As the formation of non-B structures of DNA repeats has
been proposed to induce slipped strand mispairing [9–12], we
speculate that TTTA repeats may also form some unusual sec-
ondary structures. As a result, we performed high-resolution
nuclear magnetic resonance (NMR) spectroscopic investigations
to elucidate the solution structures of TTTA repeats in this study.
Our results reveal that a DNA sequence containing three TTTA
repeats is capable of forming two dumbbell conformers. At 25 C,
fast exchange of the two conformers makes the sequence behave
like a 2-nt TT mini-loop in the second repeat. These unusual struc-
tures provide possible mechanistic pathways for the occurrence of
TTTA repeat expansions.
Fig. 1. Three TTTA repeats (underlined) have been identiﬁed in the coding region of icaC gene of S. aureus strain MN8m [8], showing PIA/PNAG-overproducing phenotype. One
and two additional TTTA repeats (in red) were found in S. aureus isolates JB12, NRS264 and NRS63, showing PIA/PNAG-negative phenotype.
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2.1. DNA samples
As the mutation site of icaC gene originally contains three TTTA
repeats (Fig. 1) [8], ﬁrstly we prepared a sequence containing three
TTTA repeats and named it as ‘‘(TTTA)3’’. To facilitate the detailed
structural study of (TTTA)3, we also prepared a shorter sequence
containing two TTTA repeats and named it as ‘‘(TTTA)2’’. Both
(TTTA)3 and (TTTA)2 were synthesized using an Applied
Biosystems model 394 DNA synthesizer. They were puriﬁed by
denaturing polyacrylamide gel electrophoresis (PAGE) and diethy-
laminoethyl Sephacel anion exchange column chromatography,
and ﬁnally desalted using Amicon Ultra-4 centrifugal ﬁltering
devices. NMR samples were prepared by dissolving 0.5 lmol puri-
ﬁed DNA into 500 lL buffer solutions containing 10 mM sodium
phosphate (pH 7.0), and 0.1 mM 2,2-dimethyl-2-silapentane-5-sul-
fonic acid (DSS).
2.2. NMR study
All NMR experiments were performed using two Bruker AV-500
spectrometers operating at 500.30 and 500.13 MHz, respectively.
For studying the labile protons, the samples were prepared in a
90% H2O/10% D2O buffer solution. One-dimensional (1D) imino
and two-dimensional (2D) nuclear Overhauser effect spectroscopy
(NOESY) spectra were acquired using the water suppression by
excitation sculpting [13]. For studying the non-labile protons, the
solvent was exchanged with a 99.96% D2O buffer solution and a
2-s presaturation pulse was used to suppress the residual HDO sig-
nal. 2D NOESY spectra were acquired with a data size of
4096  512 and a mixing time of 300 ms unless otherwise speci-
ﬁed. The acquired data sets were zero-ﬁlled to give 4096  4096
spectra with a cosine window function applied to both dimensions.
For adenine H2 protons, the assignments were conﬁrmed by
1H-13C heteronuclear multiple-bond correlation (HMBC) experi-
ments [14] with an evolution period of 65 ms for the long-range
couplings. The 13C spectral width was set to 60 ppm and the carrier
frequency was centered at 140 ppm. Backbone 31P signals were
assigned using 2D total correlation spectroscopy (TOCSY) with a
mixing time of 75 ms and 1H-31P heteronuclear single-quantum
coherence (HSQC) experiments. The 31P spectral width was set to
6 ppm and a data size of 4096  200 was collected. 13C and 31P
chemical shifts were indirectly referenced to DSS using the derived
nucleus-speciﬁc ratio of 0.251449530 and 0.404808636, respec-
tively [15].
To determine the thermal stability of (TTTA)2, variable temper-
ature 1D 1H experiments were performed from 0 to 75 C at a stepsize of 2.5 C. Thermodynamic parameters were determined by ﬁt-
ting the melting curves using MELTWIN version 3.5 software [16].
2.3. Gel mobility assay
25% polyacrylamide native gels were prepared to investigate
the oligomeric state of (TTTA)2 and (TTTA)3. These samples were
prepared in the same buffer solutions as for NMR studies. For the
reference lane, a complementary 10-base pair duplex was prepared
by hybridizing 50-CTGGCTGCGC-30 and 50-GCGCAGCCAG-30 in a
buffer solution containing 10 mM sodium phosphate (pH 7.0)
and 150 mM sodium chloride. PAGE was conducted at ambient
temperature and all DNA samples were kept at a concentration
of 0.4 mM. DNA bands were visualized by staining the gels with
stains-all solution.
3. Results and discussion
In this study, we performed high-resolution 1H and 31P NMR
spectroscopic investigations to reveal the solution structures of
(TTTA)3 and (TTTA)2. Native gel analysis shows that both (TTTA)3
and (TTTA)2 behave as a monomeric species in the buffer solutions
(Supporting Information, S1). Sequential assignments were made
from the H6/H8-H10 ﬁngerprint regions in 2D NOESY spectra in
D2O and/or H2O using standard methods [17,18]. As the sequential
T3 H10-A4 H8 and T7 H10-A8 H8 NOEs were not observed in the 2D
NOESY spectrum of (TTTA)2 at a mixing time of 300 ms, in order to
assign the H8 signals of A4 and A8, the NOESY experiment was
repeated at a longer mixing time of 800 ms and these sequential
NOEs were observed (Supporting Information, S2). For the assign-
ments of adenine H2, they were conﬁrmed by 1H-13C HMBC exper-
iments [14] (Supporting Information, S3). Based on the H30
assignment results from TOCSY, the backbone 31P signals were
assigned using 1H-31P HSQC spectra (Supporting Information, S4
and S5).
3.1. (TTTA)3 appears to form a 2-nt TT mini-loop in the second repeat
At 25 C, (TTTA)3 appears to predominantly form a 2-nt TT mini-
loop closed by a TA base pair in the second repeat (Fig. 2A). This
loop was similar to the one found in the DNA hairpin of
d(ATCCTA TTTA TAGGAT) [19] as supported by the characteristic
31P chemical shifts of downﬁeld T6 (3.77 ppm) and upﬁeld T7
(4.62 ppm) [12,20] (Fig. 2A). These unusual shifts are due to the
characteristic backbone features of the type II loop [12,20], in
which T6 is located in the minor groove, positioning itself approx-
imately perpendicular to the loop closing T5–A8, while T7 stacks
over the base plane of T5–A8 (Fig. 2A). The stacking of T7 over
Fig. 2. (A) At 25 C, the second repeat in (TTTA)3 predominantly forms a TT loop as supported by the unusually downﬁeld T6 and upﬁeld T7 31P signals. The TT loop adopts a
type II loop in which T7 stacks over T5–A8 base pair and T6 is positioned in the minor groove. (B) The NOESY ﬁngerprint region shows the unusually upﬁeld shifted T7 H10 .
Sequential NOEs of T6 H10-T7 H6 and T7 H10-A8 H8 were not observed (red dotted circles). (C) TA Hoogsteen base pair with the adenine in the syn orientation shows a shorter
C10-C10 distance than that of Watson–Crick base pair [18], providing a better base plane for the stacked base. (D) The similar NOE intensities of A8 H8-H10 and A8 H8-H20/H20
support the syn orientation of A8 in T5–A8 Hoogsteen base pair. (E) The variable temperature aromatic and methyl proton regions of (TTTA)3. The aromatic proton
assignments are shown in the 1D projection spectrum in (B). (F) The two proposed dumbbell structures formed by (TTTA)3 at lower temperatures.
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(Fig. 2B). Owing to the sharp turn in type II loop, the sequential
NOEs of T6 H10-T7 H6 and T7 H10-A8 H8 were not observed
(Fig. 2B).
For the TT loop in the DNA hairpin [19], it was closed by a TA
Hoogsteen base pair of which the adenine adopts a syn orientation
(Fig. 2C). In addition to the two hydrogen bonds, the base stacked
on top of the closing Hoogsteen base pair also contributes to the
stability of the mini-loop [20]. Owing to the shorter interstrand
C10-C10 distance, the stacking interactions are more effective than
those involving a closing Watson–Crick base pair [19,21]. In
(TTTA)3, the base orientation of A8 also possesses the syn feature
as evidenced by the similar NOE intensities of H8-H10 and H8-
H20/H200 (Fig. 2D), suggesting T5–A8 also forms a Hoogsteen base
pair. In the variable temperature imino proton spectra, signals
were observed only at 11 ppm at lower temperatures
(Supporting Information, S6a), which are consistent with the
chemical shifts of those belonging to TT loops [9,19]. No T5 imino
signal was observed in the range of 12–13 ppm [19,22], revealing
the T5–A8 Hoogsteen base pair was not as stable as the one with
neighboring Watson–Crick base pairs in the stem region [19].
For the two ends of the mini-loop in (TTTA)3, no imino proton
signal and unusual NMR features were observed for T1 to A4 in
the ﬁrst repeat and T9 to A12 in the third repeat at 25 C. Inaddition to A4 and A12 adopting the anti orientation as supported
by the weaker H8-H10 NOE than H8-H20/H200 NOEs (Fig. 2D), all 31P
chemical shifts of the residues in the ﬁrst and third repeats (3.91
to 4.19 ppm) were found to fall within the range for random coil
DNAs (3.80 to 4.20 ppm) [23], suggesting there is no secondary
structure at both ends of the mini-loop. Interestingly, instead of
getting sharper 31P signals of T6 and T7 due to a further stabiliza-
tion of the TT loop at lower temperatures, these signals were sur-
prisingly broadened (Fig. 2A). Moreover, most of the aromatic and
methyl proton signals were also seriously broadened at tempera-
tures below 10 C (Fig. 2E). Therefore, we suspected that the ﬁrst
and third repeats also possess the ability to fold into mini-loops,
forming exchangeable dumbbell structures with a 30 and 50-over-
hang, respectively (Fig. 2F). In order to determine if the formation
of such small dumbbell structures is feasible, we investigated the
solution structures of (TTTA)2.
3.2. (TTTA)2 forms a mini dumbbell structure composed of two TT loops
The NMR spectral features of (TTTA)2 support it adopts a dumb-
bell structure composed of two TT loops at 5 C (Fig. 3A). These
include (i) the unusually downﬁeld 31P signals of T2 (3.06 ppm)
and T6 (3.30 ppm) and the unusually upﬁeld 31P signals of T3
(5.30 ppm) and T7 (4.91 ppm) (Fig. 3A), (ii) the unusually
Fig. 3. (A) At 5 C, (TTTA)2 forms a dumbbell structure composed of two TT loops, as supported by the unusually downﬁeld T2 and T6, and the upﬁeld T3 and T7 31P signals. (B)
NOESY H10-H6/H8 ﬁngerprint region shows the unusually upﬁeld T3 H10 and T7 H10 at 5 C. Sequential NOEs of T3 H10-A4 H8 and T7 H10-A8 H8 were not observed (red dotted
circles). The 30 to 50 terminal NOEs were observed at 5 C, including (C) A8 H8-T1 H6 and A8 H8-T1 H7, and (D) A8 H20/H200-T1 H6 and A8 H10-T1 H6.
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the very weak or missing sequential NOEs of T2 H10-T3 H6, T6
H10-T7 H6, T3 H10-A4 H8, and T7 H10-A8 H8 (Fig. 3B). The forma-
tion of this dumbbell structure was further conﬁrmed by the 30
to 50 terminal NOEs, including A8 H8-T1 H6, A8 H8-T1 H7
(Fig. 3C), A8 H20/H200-T1 H6, and A8 H10-T1 H6 (Fig. 3D). In addi-
tion, a small and broad thymine imino signal at 11 ppm appears
at 0 C (Supporting Information, S6b), which is consistent with
those observed in TT loops [9,19].
Throughvariable temperature 1D 1HNMRexperiments, sixmelt-
ing curveswere constructedbasedon the chemical shifts of thewell-
resolved thymine H7 signals of T1, T2, T3, T5, T6 and T7 (Supporting
Information, S7a and S7b). The dumbbell structure seems to be fully
unfolded at temperatures above 45 C. Through curve ﬁtting, the
melting temperature was determined to be 18.1 ± 0.4 C. The
Gibbs free energy change was found to be 2.65 ± 0.03 kcal mol1
at 37 C with an enthalpic change of 24.7 ± 0.6 kcal mol1 and an
entropic change of 71 ± 2 cal K1 mol1 (Supporting Information,
S7c).
The formation of dumbbell structure in (TTTA)2 reveals that only
two TTTA repeats are required to make the sequence fold into a
higher order structure. To our knowledge, this is the smallest
DNA dumbbell structure that has been reported. As a consequence,
it is reasonable to believe that the formation of dumbbell structures
is possible in (TTTA)3with either its ﬁrst or last two repeats (Fig. 2F).
If both cases happen, the exchange between the two dumbbell con-
formers will make the mini-loop structures in the ﬁrst and third
repeats unfold and refold, thus resulting in a global structuralchange that is consistent with the observed broadening of most of
the peaks at temperatures below 10 C (Fig. 2A and E). At 10 C
and above, the faster exchange of the two dumbbell conformers
results in a faster unfolding of (i) the T2–T3 loop of the dumbbell
with a 30-overhang and (ii) the T10–T11 loop of the dumbbell with
a 50-overhang. As the middle T6–T7 loop remains folded in the two
dumbbell conformers, the rapid exchange makes (TTTA)3 behave
like the mini-loop structure (Fig. 2A).
3.3. Biological signiﬁcance of the mini-loop and dumbbell adopted by
TTTA repeats
The three TTTA repeats identiﬁed in the coding region of icaC
gene of S. aureus appear to form predominantly a mini-loop at
25 C. During DNA replication, if this mini-loop occurs transiently
in the nascent strand (Fig. 4A), this will lead to one repeat expan-
sion, thus providing a possible explanation for the additional TTTA
repeat observed in the icaC gene of S. aureus variants JB12 and
NRS264 [8]. Meanwhile, our NMR results also reveal that TTTA
repeats are capable to fold into the higher order dumbbell struc-
ture with only two repeats. Therefore, if either the dumbbell struc-
ture with a 30 or 50-overhang forms transiently in the nascent
strand during DNA replication (Fig. 4B), this will lead to two repeat
expansion that has been observed in NRS63 [8].
In (TTTA)3, in addition to its second repeat, the formation of
dumbbell structures requires also the folding of the ﬁrst or third
repeat into another TT loop. The TA closing base pairs of the two
loops stack onto each other, improving the stabilities of the
Fig. 4. A brief scheme shows the possible pathways for TTTA repeat expansions.
Formation of (A) mini-loop structure and (B) dumbbell structures on the nascent
strand can lead to one and two TTTA repeat expansion, respectively.
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repeats to slip during DNA replication. Similar behaviors have also
been observed in DNA sequences containing CCTG repeats [12].
The formation of dumbbell structure with two CT loops has been
suggested to stabilize the slipped hairpin structure, thereby
increasing the unusual structure formation propensity of CCTG
repeats.
At present, expansions of short tandem repeats have been found
to associate with at least 15 human genetic diseases such as CAG
repeats in Huntington’s disease, CTG repeats in myotonic dystro-
phy type 1 and CCTG repeats in myotonic dystrophy type 2 [24].
The formation of non-B structures can lead to strand slippage
and thereby repeat expansion during DNA replication [25]. In addi-
tion to the non-B DNA hairpins [9], triplexes [26], and tetraplexes
[11] formed by short tandem repeats, the dumbbell structures
observed in the present study also serve as a structural intermedi-
ate resulting from strand slippage, providing insights into the
underlying molecular mechanisms of repeat expansion diseases.
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